INTRODUCTION
Basan syndrome is a rare genetic skin disease with autosomal dominant inheritance that is characterized by rapidly healing congenital acral bullae, congenital milia and lack of fingerprints. 1 Other phenotypes include contractures of digits, hypohidrosis, palmoplantar keratoderma (PPK) and nail dystrophy. 2 Nine pedigrees with Basan syndrome have been reported worldwide. [3] [4] [5] [6] [7] [8] [9] [10] Recently, Marks et al. 10 identified SMARCAD1 (OMIM 612761) as a promising candidate gene for Basan syndrome in an American family. This gene encodes a member of the SNF subfamily of helicase proteins. 9 Variants in the SMARCAD1 gene were previously reported in patients with adermatoglyphia (ADG, OMIM 136000), which is characterized by the congenital absence of epidermal ridges. 11, 12 To date, five variants (c.378+1G4T, c.378+1G4A, c.378+2T4C, c.378+3A4T and c.378 +5G4C) have been reported in patients with ADG and Basan syndrome. These variants were all found in splice sites of a short, skin-specific isoform of the gene. [10] [11] [12] In this paper, we describe a large pedigree with Basan syndrome and reveal the causative gene through genome-wide linkage analysis and whole-genome sequencing (WGS).
SUBJECTS AND METHODS

Patients
We investigated a 3-year-old girl with Basan syndrome from the Henan province of China. She had acral bullae on the fingers and soles of the feet at birth, which were completely healed by two months of age. Milia were prominent on the forehead, nose and around the mouth. Upon examination, her hands had a leather-like texture and transverse palmar creases were observed with increased fine wrinkling ( Figure 1a) . She had knuckle pads on the dorsal side of her hands (Figure 1b) . She lacked sweating on her hands and feet. The hair, eyebrows, eyelashes, teeth and nails were all normal. Her mother and cousin were also affected, with knuckle pads on the dorsal side of their hands and hyperpigmented macules on the hands and feet ( Supplementary Figures 1a and b) . In total, eight individuals were affected in this family and all affected individuals presented with similar clinical manifestation (Figures 1c-e) ( Table 1 ). The pedigree of the family is shown in Figure 1f .
Genomic DNA was extracted from peripheral blood samples of the eight affected and eight unaffected family members. Informed consent was obtained from all participants and approval was obtained from the ethics committee of the Shanghai Jiaotong University School of Medicine and was conducted in accordance with the principles of the Declaration of Helsinki.
Genome-wide linkage analysis
Approximately 200 ng of genomic DNA from each of the 16 participants was genotyped using an Illumina Infinium Human OminiZhongHua-8 whole genome array (Illumina, San Diego, CA, USA). Genome-wide linkage analysis was performed with a total of 900 015 SNP markers. SNPs with a call rate of o90% and monomorphic or non-Mendelian-transmitted markers were removed.
A total of 11 152 informative autosomal SNPs within an average genetic distance of 0.25 cM were retained in the linkage analysis. Multipoint parametric linkage analysis was performed using MERLIN program version 1.1.2 software (Ann Arbor, MI, USA). A fully penetrance autosomal dominant model was used with a rare disease frequency of 0.0001. Critical recombination events of the pedigree were also determined through haplotype construction using the MERLIN software. 
Sanger sequencing
We designed primers flanking all coding exons and intron-exon boundaries of SMARCAD1 (NG_031945.1) using Premier 5.0 software (Palo Alto, CA, USA). All PCR products were purified using a QIAquick PCR Purification Kit (Qiagen, Hilden, Germany) and sequenced using an ABI PRISM 3730 automated sequencer (Applied Biosystems, Foster City, CA, USA). The SMARCAD1 variant c.378+1G4T was submitted to the Leiden Open Variation Database (LOVD) at http://databases.lovd.nl/shared/individuals/00057917.
RESULTS
Linkage analysis
The affected patients in this pedigree had acral bullae on the fingers and soles of the feet at birth, which followed a similar manifestation as epidermolysis bullosa simplex (EBS, OMIM 131900). For this reason, we excluded mutations in the keratin 5 gene (KRT5, OMIM 148040). After confirming the exclusion of KRT5 mutations by Sanger sequencing, we performed a genome-wide linkage scan using SNP markers. LOD scores were calculated under the assumption of autosomal dominant inheritance with a penetrance of 100%. Linkage and haplotype analyses mapped the pathogenic gene in this family to two loci. One mapped region was 4p15.31-4p14, located between rs1378946 and rs1435378 (Supplementary Figure 2a) . The other region was 4q13.2-4q23, located between rs6840820 and rs6818863 (Supplementary Figure 2b) . Maximal LOD scores were all 3.01 ( Figure 2a) (Supplementary Table 1) . No other locus of suggestive linkage was detected.
Exome sequencing and whole-genome sequencing We performed exome sequencing in one affected individual and found no functional variants in the mapped regions. WGS using the Illumina HiSeq XTen platform with an average coverage of 27.94 reads per base identified 3 832 626 variants (SNVs and short indels). After filtering of the identified heterozygous variants through the 1000 Genomes Project, HapMap 8 and dbSNP135 databases, two variants remained within the mapped region. These included the splice variant c.378 +1G4T in a splice site of the SMARCAD1 gene (RefSeq NG_031945.1) and a duplication of GGC at position 328 330 (c.328_330dup) in exon 1 of the ANKRD17 gene (RefSeq NM_032217.4). We found that the splice variant c.378+1G4T was not covered by whole-exome sequencing.
Sanger sequencing
The splice variant in SMARCAD1 was confirmed by conventional sequencing and co-segregated with the phenotype in this family (Figures 2b and c) . It was not found in any of the 100 healthy controls, suggesting it is an uncommon variant with functional relevance. The non-frameshift variant found in the ANKRD17 gene did not co-segregate with the phenotype in this family. DISCUSSION ADG is a rare heritable disorder, which may present as an isolated feature, 3, 12 but is often characterized by additional manifestations, such as skin blisters, congenital milia, hypohidrosis, nail dystrophy, palmoplantar keratoderma and contractures of digits. 1,2,4,5,10 Some complex syndromes also present similar symptoms to ADG, such as Naegeli-Franceschetti-Jadassohn syndrome, dermatopathia pigmentosa reticularis or Basan syndrome. 1, [13] [14] [15] In this study, some patients presented with hyperpigmentation and knuckle pads in addition to previously reported clinical manifestations. This report has increased the phenotypic spectrum of Basan syndrome. Only five variants in the SMARCAD1 gene have been identified in patients with isolated ADG or Basan syndrome so far (c.378+1G4T, c.378+1G4A, c.378+2T4C, c.378+3A4T and c.378+5G4C). [10] [11] [12] These variants disrupt a single conserved donor splice site and are predicted to result in haploinsufficiency by reducing protein translation in affected patients. 12 In this pedigree with Basan syndrome, we detected a recurrent splice variant, which has been reported in a Swiss family with isolated autosomal dominant ADG. 12 Affected individuals in this family presented with rapidly healing congenital acral bullae, congenital milia, lack of fingerprints and other clinical features. This suggests that ADG and Basan syndrome may be phenotypic variants of the same disease.
Marks et al. 10 reported a splice variant (c.378+3A4T) in a family with Basan syndrome and seven individuals were affected over four generations. These patients presented with congenital absence of fingerprints and a history of facial milia during the newborn period; but only three affected members had rapidly healing skin blisters, and two affected individuals had palmoplantar callosities and lacked sweating on their hands and feet. In this Chinese family, we report skin blistering, congenital milia, lack of fingerprints, contractures of digits and hypohidrosis in all eight patients; but only II:2 and III:1 presented with PPK and only II:2 had nail dystrophy. Five affected individuals (II:1, III:1, III:4, IV:1 and IV:2) presented with hyperpigmentation on the dorsal side of the hands. Excepting III:6, all patients presented with knuckle pads (Table 1) . These results indicate that the same variant leads to different phenotypes even within the same family, suggesting that environmental factors such as sunlight, pressure, ethnic differences, modifier genes or polymorphic sequences of SMARCAD1 may play an important role. Further investigation is required to elucidate the pathological mechanisms leading to the phenotypes associated with the skin-specific isoform of SMARCAD1 in this family.
In conclusion, we have reported a splice variant in the skin-specific isoform of the SMARCAD1 gene that is associated with Basan syndrome. To our knowledge, this represents the second family with a splice variant that is causative for Basan syndrome. This report has advanced our understanding of the genetic basis of Basan syndrome and enlarges the phenotypic spectrum of this disease. The ongoing identification of causative variants may provide further insight into the mechanisms underlying the development of this disorder.
